Nephropathy is a common and progressive complication of sickle cell anemia (SCA). In SCA mice, we found that hyperangiotensinemia in the absence of hypertension underlies nephropathy, and its downregulation by losartan, an angiotensin-II-receptor-1 blocker, reduced albuminuria and progression of nephropathy. Therefore, we performed a phase-2 trial of oral losartan, given for 6 months, to explore whether it reduced albuminuria in children and adults with SCA. Participants were allocated to groups defined by class of baseline urinary albumin-to-creatinine ratio (UACR): no albuminuria (NoA), microalbuminuria (MicroA), and macroalbuminuria (MacroA). The primary endpoint was a 25% reduction UACR from baseline. There were 32 evaluable participants (mean age 24 years; NoA 5 14, MicroA 5 12, MacroA 5 6). The primary endpoint was met in 83% of the MacroA group (P < 0.0001) and 58% of the MicroA group (P < 0.0001). Median fold-change in UACR was 20.74 for MacroA and 20.46 for MicroA. In MacroA and MicroA, UACR classification improved in 50% but worsened in 11%. Urine osmolality and estimated glomerular filtration rate (eGFR) did not change significantly. Losartan was discontinued in three participants [leg cramps, N 5 1; decline in eGFR >25% (142➝104 mL/minute/1.73 m 2 ), N 5 1; rise in serum creatinine >50% (0.2➝0.3 mg/dL), N 5 1]. Albuminuria was associated with diastolic dysfunction and impaired functional capacity, although cardiopulmonary status was unchanged after 6 months of losartan therapy. In summary, losartan decreased urinary albumin excretion in most participants with albuminuria. Those with macroalbuminuria had the greatest benefit. This study forms the basis for a phase-3, randomized, placebo-controlled trial of losartan for the nephropathy of SCA.
Vaso-occlusive ischemia and infarction and anemia-related hyperfiltration are thought to be the main causes of sickle cell nephropathy, 1,2 but the downstream, molecular pathogenesis, especially of the glomerulopathy, is poorly understood. We recently reported that mice and humans with SCA have hyperangiotensinemia without hypertension. 17 In mice, we found that excessive activation of angiotensin-II receptor 1 (AT1R) contributes to glomerulopathy. 18 Pharmacotherapy to interfere with pathological angiotensin signaling, therefore, may be beneficial for the nephropathy of SCA. Indeed, angiotensin converting enzyme (ACE) inhibition with captopril or enalapril has been reported to decrease albuminuria in humans with SCA, 12, [19] [20] [21] [22] although there is no conclusive evidence of efficacy. 23 Angiotensin-II is produced by the action of ACE on angiotensin-I.
Angiotensin-II signals through two receptors, AT1R and angiotensin-II receptor 2 (AT2R). Therefore, ACE inhibitors decrease signaling through both AT1R and AT2R. While AT1R signaling contributes to glomerulopathy, 18 AT2R signaling may be renoprotective. [24] [25] [26] Consequently, ACE inhibitors block both pathological (AT1R) and potentially renoprotective (ATR2) signaling. In contrast, angiotensin receptor blockers (ARBs), like losartan and valsartan, only inhibit signaling via AT1R, leaving the potentially renoprotective and cardioprotective effects of AT2R signaling unopposed. 18, [24] [25] [26] ARBs are also less likely to cause cough than ACE inhibitors, 27 so ARBs may be better tolerated by people with SCA, in whom asthma and airway hyper-reactivity are so common. 28 Given the different mechanism of action and side-effect profile of
ARBs, compared to ACE inhibitors, we performed a phase-2, open-label trial of losartan in children and adults with SCA to explore its effects on sickle cell nephropathy. Our primary hypothesis was that losartan therapy would decrease the degree of albuminuria by 25% in participants with microalbuminuria (MicroA). We chose albuminuria as the primary outcome measure because it is a sensitive and early marker of glomerulopathy that portends renal failure. 4, 5, 29 Reduction in urinary albumin excretion is also a therapeutic goal in other forms of kidney disease, such as diabetic nephropathy. 30 We also measured the effects of losartan on other aspects of sickle cell nephropathy, urinary concentrating ability and GFR, and explored its effects on the cardiac phenotype of SCA. 
| M E T H O D S

| Study overview
| Selection of participants
Complete selection criteria are provided in Supporting Information 
| Allocation of participants
Participants were allocated to three pre-specified groups defined by baseline urinary albumin-to-creatinine ratio (UACR): no albuminuria (<30 mg/g; NoA); microalbuminuria (30-300 mg/g; MicroA); and macroalbuminuria (>300 mg/g; MacroA). UACR measurements were performed on first-morning-urine samples. We included the NoA group to explore a secondary hypothesis that losartan would prevent conversion to a classification of MicroA or MacroA during the study. Enrollment into each group stopped when its pre-specified sample size was reached.
| Study intervention
All participants received open-label losartan potassium by mouth as tablets (25 mg, 50 mg, or 100 mg) or an oral suspension (2.5 mg/mL).
Complete dosing specifications are provided in Supporting Information Table 2 . Briefly, the starting dose was determined by age group (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) or >16 years). A lower starting dose was specified for concomitant diuretic therapy, volume depletion, or hepatic impairment. Participants in the baseline NoA group remained on the fixed (starting) dose, unless toxicity necessitated a reduction in dose. Those in the baseline MicroA or MacroA groups had up to 2 increases in dose in the first 12 weeks of the study. The dose could be increased if there was no improvement in class of albuminuria after at least 2 weeks at a particular dose.
Reduction in dose or cessation of losartan because of toxicity could occur at any time.
| Concomitant treatments
Concomitant treatment with hydroxyurea was allowed, but the dose must have been stable in the 3 months preceding enrollment. Clinically indicated changes in dose of hydroxyurea therapy (e.g., for change in weight or toxicity) were permitted during the study. Chronic transfusion therapy was an exclusion criterion, but episodic transfusions of blood could be given for clinical indications during the study. Treatment with ACE inhibitors, other ARBs, or potassium-sparing diuretics was not allowed.
| Withdrawal of participants
Withdrawal criteria included: pregnancy; HIV positivity; initiation of chronic transfusion therapy; initiation of hydroxyurea therapy; significant decline in eGFR-CysC; significant increase in serum creatinine; serum potassium levels 5.5 mEq/L despite a low potassium diet and a reduction in dose; or blurred vision that did not improve with a reduction in losartan dose. Complete withdrawal specifications are provided in Supporting Information Table 3 . SCA-related events were not criteria for withdrawal from study, unless the administration of losartan interfered with medical care, in which case the participant was withdrawn if losartan had to be stopped for >4
consecutive weeks. We pre-specified that participants were to be withdrawn for non-adherence with one-third or more of study procedures.
| Definitions, measurements and outcomes
Supporting Information Table 4 provides the complete schedule of study assessments. The baseline value for all outcomes was defined as the average of the two pre-losartan measurements (obtained at screening visit and visit 1). In the original version of the protocol (before enrollment began), we specified that the UACR at the screening visit was considered the baseline value; however, because some participants changed class of albuminuria between the screening visit and visit 1 (Supporting Information Figure 1 ), we re-defined the baseline value to be the average of the UACR for these two visits before accrual to the study was complete. The final value for all outcomes was defined as the visit 10 (end-of-study) measurement, or, if a participant exited the study early, the last recorded value. We pre-specified that a minimum of 3 months' therapy with losartan was required for a participant to be considered evaluable.
The primary outcome measure was a 25% reduction in UACR Baseline characteristics of the 32 evaluable participants are shown in Table 1 . Each participant in the NoA group had detectable urinary albumin, but UACR was <30 mg/g by definition. Mean age was higher with increasing class of baseline albuminuria (P 5 0.005). There were no statistically significant differences in hemoglobin (Hb) concentration (P 5 0.14) across groups; however, participants with albuminuria (MicroA and MacroA combined) had lower Hb concentration compared to participants with NoA (8.3 vs. 9.2 g/dL; P 5 0.049). There were no differences in systolic blood pressure by class of baseline albuminuria, but the NoA group had lower diastolic blood pressure than the MicroA and MacroA groups.
| Dose of losartan
As specified in the protocol, participants in the baseline NoA group 
| UACR
The primary endpoint (25% reduction in UACR) was met in 83% (5/6) of the MacroA group (P < 0.0001), 58% (7/12) of the MicroA group 
| eGFR
We used two methods to determine eGFR (eGFR-CrCl and eGFRCysC). At baseline, by both methods, the MicroA group had the highest eGFR, and the MacroA group had the lowest eGFR (Table 1) Table 5 ). Similarly, the MicroA group had the highest eGFR-CysC at baseline (Table 1 ). There was a statistically significant increase in eGFR-CysC after treatment with losartan (P 5 0.02), driven by an 18% Abbreviations: DBP, diastolic blood pressure; eGFR-CrCl, estimated glomerular filtration rate by creatinine clearance from 24-hour urine collection; eGFR-CysC, estimated glomerular filtration rate by measurement of cystatin C; Hb, hemoglobin concentration; SBP, systolic blood pressure; SEM, standard error of the mean; UACR, urinary albumin-to-creatinine ratio.
FIG URE 1 Percent of participants meeting the primary endpoint by baseline class of albuminuria. The primary endpoint of a 25% reduction in urinary albumin-to-creatinine ratio (UACR) from baseline was met in 67% (12/18) of participants with albuminuria and 41% (13/32) of all participants. Most participants in the MicroA and MacroA groups met the primary endpoint. The dotted line indicates 30% of participants having a 25%reduction in UACR, which was the minimum anticipated proportion of participants with 25% reduction in UACR in the MicroA group used for calculation of sample size. P-values are from a two-sided binominal test, assuming that the proportion of significant reduction (25%) in UACR without losartan was 5% 
| Osmolality
At baseline, urine osmolality was lower with increasing class albuminuria (P 5 0.005; Table 1 ). There were no statistically significant changes in osmolality after treatment with losartan (P 5 0.06; Supporting Information Table 5 ; Figure 2 , Panel D). The largest percent change (decline)
in osmolality was in the MacroA group (221%, P 5 0.17; Supporting
Information Table 5 ).
| Adverse effects
Toxicity requiring discontinuation of losartan occurred in three participants: (1) 
| Biomarkers
There were no significant pre-treatment differences in the renal struc- MacroA groups. This effect was especially pronounced when analyzed as the ADMA/SDMA ratio (Supporting Information Figure 6 ). This may reflect decreased production of ADMA, or improved metabolism of ADMA by dimethylarginine dimethylaminohydrolase (DDAH), an effect of ARBs previously observed in vitro. 34 
| Cardiopulmonary correlates
There were no changes in cardiopulmonary outcomes after losartan therapy. However, there were baseline differences in cardiac phenotype based on the presence or absence of albuminuria. Compared to the NoA group, participants with albuminuria (MicroA and MacroA combined; mean UACR 5 373 6 87 mg/g) had worse diastolic function indicated by lower early-to-late ratios of mitral inflow velocities (E/A; 
| DISCUSSION
In this phase-2 study, six months of losartan therapy appeared to decrease urinary albumin excretion in most participants with albuminuria (>30 mg/g; MicroA and MacroA groups). Participants with macroalbuminuria (>300 mg/g; MacroA group) had the greatest response.
There were no consistent changes in eGFR or urine osmolality with losartan therapy across all participants, but there was some evidence for increased eGFR in the NoA group and lowered osmolality in the MacroA group. Only 1 participant had clinically significant toxicity (leg cramps). The decline in eGFR or rise in serum creatinine in two participants was not clinically worrisome; in retrospect, the toxicity criteria in the protocol were too strict. We did not observe hyperkalemia or detect changes in blood pressure. We also found that SDMA may be a potential biomarker of sickle cell nephropathy.
There are no published clinical trials of ARB therapy, such as losartan, for sickle cell nephropathy to compare to our findings. However, ACE inhibition, using captopril or enalapril, for reduction of albuminuria or proteinuria in SCA has been reported in one small randomized trial (N 5 22) 20 and four observational studies. 12, 19, 21, 22 The randomized trial by Foucan et al. 20 demonstrated that mean urinary albumin excretion was lower after 6 months of captopril therapy. Serum creatinine and potassium did not change during the study, but diastolic and systolic blood pressure were lower by 5 to 8 mmHg, respectively, after treatment. The observational studies with different durations of treatment (2 weeks to nearly 9 years), provided supportive evidence that ACE inhibition can reduce urinary albumin excretion in many patients. 12, 19, 21, 22 The study by Aoki et al. 19 also found that mean arterial blood pressure fell by approximately 8 mmHg. In contrast, we found no change in blood pressure with losartan therapy. An evidenced-based review concluded that patients with SCA and proteinuria "should be treated" with an ACE inhibitor. 35 In contrast, a Cochrane review concluded that ACE inhibition to reduce proteinuria and microalbuminuria "may not be indicated until further evidence is obtained". 23 As such, there appears to be equipoise for the use of ACE inhibition and a lack of evidence, until now, for the use of ARBs for sickle cell nephropathy.
This small, phase-2 study has inherent limitations. Mainly, we cannot conclude that losartan is efficacious for sickle cell nephropathy.
Rather, the encouraging data generated from this study will inform the design of a phase-3 randomized trial to determine its efficacy. Additionally, these findings may not be generalizable to all individuals with SCA, because we selected participants without many serious complications of SCA and excluded those receiving chronic transfusion therapy.
Chronic transfusions were an exclusion criterion because of the potentially confounding effect of deferasirox-related nephropathy. Consequently, individuals with severe cerebral vasculopathy were also not studied. The effects of losartan in these sub-populations are not known. Although we did not observe hypotension, and other adverse effects were infrequent, studies with more participants of longer duration are needed to assess toxicity. Finally, it is not known whether reduction of albuminuria slows the progression of sickle cell nephropathy. Long-term studies will be needed to determine this. Indeed, given that losartan is being studied as a potential, long-term, disease-modifying therapy, phase 3 trials should examine a longer duration of treatment than the 6 months we studied here.
The reported longitudinal variation of UACR in SCA 36 poses challenges to study design. Indeed, we observed that some participants changed class of albuminuria in the 2-week interval between the initial screening visit and visit 1, the immediate pre-losartan study visit (Supporting Information Figure 1 ). To help account for this in analyses, we used the mean of the screening and visit 1 measurement as the value to define the baseline class of albuminuria and to calculate change from baseline for UACR and the secondary outcomes, eGFR and osmolality. We also observed that a few participants had large (2.5 to 3.5-fold) increases in UACR while on losartan (Supporting Information Figure 2). We suspect this was due, at least partly, to decreased adherence to losartan near the end of the study period (a "rebound" effect).
A definitive trial will need to account for the longitudinal variability in UACR and optimize adherence to study medication to be able to demonstrate a therapeutic benefit of losartan.
Estimation of GFR in SCA using common laboratory methods is challenging. Creatinine secretion by the proximal tubule is increased in SCA, 37 so estimates that use serum creatinine or urinary creatinine clearance can over-estimate GFR. 38 In contrast to creatinine-based methods, a cystatin C-based method is more accurate in the setting hyperfiltration, 39 and may be more sensitive to early decline in GFR in SCA. 40, 41 However, inflammation in SCA could increase cystatin C production and affect the estimation of GFR. 42 Because eGFR was not the primary outcome measure in this study, we used both eGFR-CysC and eGFR-CrCl to monitor for toxicity of losartan, rather than a more definitive method, to decrease the burden of the study to participants. Inulin is not available in the United States to perform the gold standard GFR method. In a phase 3 study of losartan for SCA, we plan to use eGFRCysC and a method based on clearance of iohexol or a radioisotope, and, possibly, novel approaches based on SDMA. 32, 33 Both ARBs and ACE inhibitors may cause acute kidney injury in the event of dehydration. Therefore, the use of either class therapy needs to be carefully considered and monitored in individuals with SCA, who may be prone to dehydration. During treatment with these medications, serial laboratory monitoring, ongoing education of patients about the need to maintain adequate fluid intake and heightened clinical vigilance about fluid status during acute illnesses are all necessary. The lack of changes in the structural injury biomarkers, NAG and KIM-1, suggest that losartan therapy was tolerated well by the kidney in this study.
Further study of arginine-related biomarkers is also warranted, as we found that elevated SDMA was associated with micro-and macroalbuminuria and lower eGFR. Studies in other forms of renal disease similarly showed that higher SDMA levels were associated with reduced renal function. 43, 44 Furthermore, ADMA, a potent inhibitor of endothelial nitric oxide synthase, appears to have been decreased by losartan therapy. This effect is similar to in vitro models showing that ARBs decreased intracellular oxidative stress and improved metabolism of ADMA by DDAH. 34 Individuals with SCA can develop a cardiomyopathy with restrictive physiology. 45, 46 We found that baseline albuminuria was associated with echocardiographic evidence of restrictive physiology.
Although participants with albuminuria (MicroA and MacroA) had a lower Hb concentration than those without (NoA) ( Table 1) , these echocardiographic features are not readily explained by anemia alone, because there were no differences in left ventricular mass or diameter, which are direct consequences of an anemia-related hyperdynamic state. While the diastolic dysfunction observed in these participants was not severe, the measures of diastolic function that have been associated with early mortality (E/A, e 0 /a 0 , and E/e 0 ), 47 were also associated with markers of nephropathy and impaired functional tolerance. Treatment with losartan for 6 months had no measurable effects on echocardiographic parameters or 6MWD. In contrast, enalapril given for 36 months to nine adults appeared to prevent the cardiac remodeling associated with SCA (e.g., increase in left ventricular mass and wall thickness over time). 48 If it is effective, perhaps only 6 months of losartan therapy is insufficient to measurably affect cardiac structure and function, or the age at initiation of therapy is important.
In summary, losartan appeared to decrease urinary albumin excretion in most participants with albuminuria (>30 mg/g). Those with baseline macroalbuminuria (>300 mg/g) appeared to have the greatest benefit, nearly all of whom showed a response. Blood pressure did not change with losartan, in contrast to reports of ACE inhibition. Toxicity of losartan was mild and infrequent; hypotension and hyperkalemia were not encountered. Using these data, a phase-3, randomized, placebo-controlled trial is being designed to determine the efficacy of losartan for individuals with SCA and micro-or macroalbuminuria.
